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A Stable RAG1–RAG2–DNA Complex
That Is Active in V(D)J Cleavage
Kevin Hiom and Martin Gellert cleavage on a pair of recombination signals in accor-
dance with the 12/23 rule (Eastman et al., 1996; vanLaboratory of Molecular Biology
Gent et al., 1996b).National Institute of Diabetes
RAG-mediated cleavage occurs in two defined chemi-and Digestive and Kidney Diseases
cal steps (McBlane et al., 1995). First, RAG1 and RAG2National Institutes of Health
introduce a nick at the 59 end of the signal heptamer atBethesda, Maryland 20892-0540
the border with the coding DNA. In the second step,
RAG1 and RAG2 convert the nick to a double-strand
break, generating a blunt 59-phosphorylated signal endSummary
and a hairpin coding end. The latter step is accom-
plished via a direct transesterification reaction and re-The RAG1 and RAG2 proteins initiate V(D)J recombina-
quires no exogenous energy source (van Gent et al.,tion by making specific double-strand DNA breaks at
1996a). This is of particular interest since two other re-recombination signal sequences. We show here that
combination proteins, the MuA transposase and HIVRAG1 and RAG2 bind specifically to this sequence,
integrase, have also beenshown toutilize direct transes-forming a stable protein–DNA complex. The complex
terification in strand-transfer reactions (Engelman et al.,
requires the conserved heptamer and nonamer motifs
1991; Mizuuchi and Adzuma, 1991), suggesting a mech-
of the recombination signal as well as both the RAG1 anistic link between V(D)J recombination, transposition,
and RAG2 proteins. This complex is able to either nick and retroviral integration (Craig, 1996; van Gent et al.,
or form hairpins at the V(D)J signal sequence, de- 1996a).
pending on the divalent cation present. A complex Mutational analysis of the RSS has dissected the con-
trapped using Ca21 is subsequently active when trans- tributions of its different sequence elements. The hep-
ferred to Mg21 or Mn21. After cleavage, the complex is tamer is most important, and its first three highly con-
destabilized and the RAG proteins dissociate. We term served bases are essential for efficient recombination
this early precursor in the V(D)J recombination reac- of an extrachromosomal substrate in a pre-B cell line
tion a “stable cleavage complex.” (Hesse et al., 1989). These first bases also play a critical
role in cleavage by the purified RAG proteins (Ramsden
et al., 1996). In contrast, substrates lacking a recogniz-Introduction
able nonamer motif are able to undergo both cleavage
and complete recombination, albeit at a reduced level.V(D)J recombination is the process by which the genes
Substrate competition assays have suggested that theencoding immunoglobulins and T cell receptors are as-
nonamer motif may be important for sequence-specificsembled from multiple coding segments (reviewed by
binding (Ramsden et al., 1996).Gellert, 1992; Lewis, 1994). This process is directed by
The coding sequence flanking a recombination signalrecombination signal sequences (RSS) that flank each
may also affect the ability of an RSS to mediate recombi-coding segment. The recombination signal consists of
nation in vivo (Gerstein and Lieber, 1993; Boubnov etconserved heptamer and nonamer sequences sepa-
al., 1995; Ezekiel et al., 1995). Evidence for a direct inter-rated by a nonconserved spacer of either 12 or 23 base
action between RAG1 and the coding DNA has beenpairs. Recombination only occurs between pairs of sig-
provided by studies with a mutant form of RAG1 (Sadof-nals with dissimilar spacers, a phenomenon that has
sky et al., 1995). Recombination of extrachromosomalbeen termed the “12/23 rule” (Tonegawa, 1983). V(D)J
substrates mediated by the mutant protein (D32) exhib-recombination is initiated by the introduction of double-
its much greater sensitivity to the coding-flanksequencestrand DNA breaks at the borders between the signal
than does the wild-type protein. Similar results have
sequences and the coding DNA. These DSBs have
been obtained with a second RAG1 species mutated at
been detected in cells actively undergoing V(D)J re-
a nearby site (Roman and Baltimore, 1996). Furthermore,
arrangement (Roth et al., 1992a; Schlissel et al., 1993; the presence of the same coding sequences adjacent
Ramsden and Gellert, 1995). Cleavage generates blunt to the cleavage site has been shown to inhibit hairpin
59-phosphorylated signal ends (Roth et al., 1993) and formation in an oligonucleotide cleavage assay (Cuomo
covalently closed, hairpin coding ends (Roth et al., et al., 1996; Ramsden et al., 1996).
1992b; Ramsden and Gellert, 1995; Zhu and Roth, 1995). Recognition and binding of the RSS by RAG1 and
Subsequent head-to-head ligation of signal ends and RAG2 is an essential step for the correct initiation of
joining of coding ends produces precise signal joints V(D)J recombination and may be viewed as the primary
and imprecise coding joints. step in the assembly of a functional cleavage complex.
The lymphoid-specific RAG1 and RAG2 proteins are Previous studies have inferred the formation of such a
involved in the early stages of V(D)J recombination. In complex. In this paper, we show directly the formation
vitro studies have helped to define the combined func- of a stable protein–DNA complex that requires both
tions of these two proteins. Initially, it was shown that RAG1 and RAG2 and a complete RSS. We show that this
RAG1 and RAG2 were able to carry out specific cleavage complex constitutes an active precursor of the cleavage
at a single recombination signal present on an oligonu- reaction, as it can be induced to perform the sequential
cleotide substrate (McBlane et al., 1995). More recently, steps of the reaction by addition of an appropriate diva-
lent cation.RAG1 and RAG2 were shown to perform coordinated
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Figure 2. Binding of RAG1 and RAG2 to the RSS Is Sequence-
Specific
Binding reactions containing 0.02 pmol 32P-labeled 12-RSS sub-
strate were carried out in the presence of Mg21 with the specified
ratios of unlabeled competitor DNA to substrate DNA (competitor
ratio). Specific competitor (lanes 1–5) was constructed from oligonu-
cleotides DAR39/40, and nonspecific competitor (lanes 6–10) was
constructed from DAR81/82 (Ramsden et al., 1996). Reactions were
started by the addition of RAG proteins (0.1 mg), incubated for 10
min at 378C, and stopped by fixation with glutaraldehyde.
was formed in a concentration-dependent manner (Fig-
ure 1B).
Incubation of RAG1 and RAG2 with a 23-RSS sub-
strate produced a similar band shift (Figure 1C, lane 4),
butbinding to the 23-RSS was about 6-fold less efficient.
Binding to an oligonucleotide substrate without a re-
combination signal sequence was very much weaker.Figure 1. Binding of an RSS by RAG1 and RAG2
Only after prolonged exposure of the dried gel were we(A) Oligonucleotide recombination substrates are diagrammed. Sub-
strates comprised a 16 bp coding flank (CF) and conserved hep- able to detect a low level of complex (Figure 1C, lane 6).
tamer ([7mer], hatched box) and nonamer ([9mer], closed box) se- To examine the specificity of RAG1 and RAG2 for
quences separated by a spacer of either 12 or 23 bp. An additional the RSS, we performed a competition assay in which
6 bp of nonspecific DNA was included adjacent to the nonamer.
binding of RAG1 and RAG2 to 32P-labeled 12-RSS DNAThe “Top” and “Bottom” strands referred to in the text are defined
was carried out in the presence of increasing amountsby this diagram.
of unlabeled competitor DNA (Figure 2). As expected,(B) Band shift assay demonstrates binding of a 12-RSS oligonucleo-
tide substrate in the presence of increasing amounts of RAG1 and binding was effectively competed by the same oligonu-
RAG2. Binding reactions were carried out with Mg21 as described cleotide in unlabeled form. A 20-fold excess decreased
in Experimental Procedures, using 0.02 pmol of 32P-labeled 12-RSS binding 12-fold. In contrast, binding was only slightly
substrate and the indicated (total) amounts of coexpressed RAG
inhibited by the presence of a 250-fold excess of non-proteins. Binding complexes were fixed with glutaraldehyde for 10
specific oligonucleotide competitor. Quantitation of themin, and samples were electrophoresed through a 4–20% TBE gel.
data revealed a 50-fold preference for binding to a 12-Dried gels were analyzed using a Phosphorimager.
(C) Binding to a 12-RSS, a 23-RSS, and nonspecific DNA (NS) is RSS over a nonspecific DNA sequence. Furthermore,
compared. Binding reactions contained 0.1 mg (total) of RAG pro- binding complexes were stable once formed. Preformed
teins and were carried out with Mg21 as described in Experimental complexes could be challenged with a 250-fold excess
Procedures, including glutaraldehyde fixation. All substrates were
of specific competitor DNA for over an hour (before32P-labeled.
glutaraldehyde fixation) without significant reduction in
binding (data not shown).
Results Requirements for Binding
Cleavage of recombination signal sequences in vitro
RAG1 and RAG2 Bind Specifically to a V(D)J requires both RAG1 and RAG2 proteins (McBlane et al.,
Recombination Signal Sequence 1995). Since the RAG1 and RAG2 proteins used in the
In previous studies, synthetic oligonucleotide sub- above binding experiments were coexpressed and co-
strates were used to demonstrate that RAG1 and RAG2 purified from Sf9 insect cells, we wished to determine
proteins are sufficient for in vitro cleavage at an RSS if either RAG1 or RAG2 alone was able to bind the recom-
(McBlane et al., 1995). Here, we use similar oligonucleo- bination signal sequence. To this end, RAG1 by itself
tide substrates (Figure 1A) in a gel retardation assay, to was expressed and purified from insect cells using a
investigate specific binding to the RSS by RAG1 and baculovirus system. Because RAG2 protein expressed
RAG2. Increasing amounts of RAG1 and RAG2 proteins in insect cells without RAG1 is essentially inactive, we
were incubated with 12-RSS DNA in a buffer containing used RAG2 protein expressed in HeLa cells using a
Mg21, followed by fixation with glutaraldehyde. Analy- vaccinia virus–expression system (McBlane et al., 1995).
sis of the products by polyacrylamide gel electropho- The combination of these proteins was active in V(D)J
cleavage.resis revealed a defined protein–DNA complex that
A Functional RAG Protein–DNA Complex
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Wheneither RAG1 alone or RAG2 alone was incubated
with a 12-RSS substrate in the presence of Mg21, DNA
binding was not detected after glutaraldehyde fixation
(Figure 3A, lanes 2 and 3). However, incubation of both
RAG1 and RAG2 proteins with 12-RSS DNA led to the
formation of a binding complex with similar gel mobility
to that observed with coexpressed RAG1 and RAG2
(compare Figure 3A, lanes 4 and 5). Hence, formation
of a stable binding complex under these conditions is
dependent on the presence of both RAG1 and RAG2
proteins.
To determine which elements of the RSS are neces-
sary for the formation of a stable binding complex, we
used oligonucleotide substrates in which the heptamer
or nonamer motifs of the RSS were mutated. When the
entire heptamer was substituted with an unrelated DNA
sequence, we observed a 25-fold reduction in binding
by RAG1 and RAG2 (Figure 3B, lane 4). Similarly, binding
was decreased 10-fold with substrate lacking a recog-
nizable nonamer motif (Figure 3B, lane 10). Because it
has been shown that the first three bases of the hep-
tamer motif are the most critical for cleavage (Ramsden
et al., 1996), we tested changes in each part of the
heptamer separately. In the binding assay, we found
that mutation of either the first three or the last four
bases of the heptamer produced only a moderate reduc-
tion in binding (2.5- and 4-fold, respectively) compared
to a wild-type signal sequence (Figure 3B, lanes 6 and 8).
These results suggest that formation of a stable binding
complex by RAG1 and RAG2 requires both the heptamer
and nonamer motifs of the RSS. In contrast to the cleav-
age reaction, binding is not absolutely dependent on
the first three bases of the heptamer.
The signal-end product of RAG-mediated cleavage
retains both the heptamer and nonamer sequences im-
plicated in binding by RAG1 and RAG2 (see above).
However, under our normal binding conditions we ob-
Figure 3. Requirements for Binding
served no binding of RAG1 and RAG2 to an oligonucleo-
(A) Binding requires both RAG1 and RAG2. Complexes formed with
tide with an exposed signal end (Figure 3C, lane 2). In RAG1 only (lane 2), RAG2 only (lane 3), both RAG1 and RAG2 (lane 4),
addition, we constructed another oligonucleotide sub- and 0.1 mg of coexpressed RAG1 and RAG2 (lane 5) are compared.
strate in which a nick was placed in the bottom strand Reactions were carried out as described in Experimental Proce-
dures with Mg21, including glutaraldehyde fixation. Separately ex-(as defined in Figure 1A), opposite the known nicking
pressed proteins were prepared as described (McBlane et al., 1995).site for RAG1 and RAG2. In Mg21, nicking by RAG1 and
Coexpressed proteins are marked with an asterisk. 12-RSS DNARAG2 would detach the coding end and produce DNA
was 32P-labeled.with a blunt-cut signal end. When RAG1 and RAG2 were
(B) Mutations in heptamer and nonamer sequences of RSS affect
incubated with this substrate, we observed the ex- binding. Mutations were made in context of the 12 bp spacer sub-
pected double-strand break, but we did not detect prod- strate, DAR39/40. In each case mutated sequence is denoted by
ucts consistent with binding of RAG1 and RAG2 to signal lower case lettering. Mutations in the heptamer ([7mer], lanes 3–8)
or nonamer ([9mer], lanes 9 and 10) sequences are labeled. Bindingends (Figure 3C, lane 4). Hence, the RAG proteins bind
reactions in Mg21 and electrophoresis were performed as describedto the full-length substrate but dissociate aftera double-
in previous figures. Coexpressed RAG1 and RAG2 proteins (0.1 mg)strand break is formed. Similarly, we observed no bound
were added as shown.
signal ends after the complete cleavage in Mn21 (Figure (C) Binding requires the presence of a coding flank. Reactions con-
3C, lane 6). Altogether, under our conditions there is no tained 0.02 pmol 32P-labeled DNA substrates with 0.2 mg of coex-
evidence for binding of RAG1 and RAG2 to broken signal pressed RAG1 and RAG2 proteins as indicated. Reactions were
carried out in either Mg21 or Mn21 as shown. All reactions were fixedends.
with glutaraldehyde prior to electrophoresis. Substrate I (lanes 1 and
2) is a cleaved signal end constructed by annealing oligonucleotides
DG9 and DG10. Substrate II (lanes 3 and 4) is a 12-RSS with a nickRAG1 and RAG2 Bind to Intact or Nicked DNA
placed opposite the known site of RAG-mediated nicking and wasIn the presence of Mg21, RAG1 and RAG2 introduce a
constructed by annealing oligonucleotides DAR39 with DG9 and
nick at the 59 end of a single RSS but do not process DAR49. Cleaved signal-end product generated by RAG1 and RAG2
this nicked intermediate to a double-strand break (van (lane 4) is indicated. Substrate III (lanes 5 and 6) is the standard
Gent et al., 1996). We therefore examined whether the 12-RSS substrate (DAR39/40). Bound 12-RSS substrate (lane 6) is
indicated.binding complexes contained nicked or full-length DNA.
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We conclude that they are able to form a stable complex
with either intact or nicked DNA. In confirmation, pre-
nicked DNA was also efficiently bound by the RAG pro-
teins (data not shown).
In the experiments described above, the crosslinking
agent glutaraldehyde was used to aid detection of pro-
tein–DNA complexes by gel electrophoresis. This cross-
linker acts on free amine groups to form covalent bonds
that stabilize both protein–protein and protein–DNA in-
teractions. Additional data (not shown) suggest that the
complexes observed here are primarily crosslinked via
protein–protein interactions. More recently, we have de-
tected stable binding without the need for crosslinking
(data not shown).
Effects of Different Divalent Cations
As also observed for the cleavage reaction, stable bind-
ing of the RAG proteins to an RSS requires a divalent
cation. When the metal ion was replaced by EDTA, bind-
ing was abolished (Figure 5A, lane 8). What are the diva-
lent cation requirements for the formation of a stable
binding complex with the RSS? Although in previous
experiments binding was carried out in a buffer con-
taining 1–10 mM Mg21 (Figure 5A, lanes 2 and 3),efficient
binding was also observed in 1 mM Mn21 or 1 mM Ca21.Figure 4. RAG1 and RAG2 Bind Intact or Nicked RSSs
Higher concentrations of these two cations were inhibi-(A) The 2-D gel electrophoresis scheme is represented. The direc-
tory (Figure 5A, lanes 4–7).tions of native and denaturing electrophoresis are indicated. The
Although Ca21, Mg21, and Mn21 all supported forma-expected relative migration of bound and free DNA is marked for the
first direction, and nicked and intact DNA for the second direction. tion of a stable binding complex, these cations had
(B) A time course for RAG-mediated binding and nicking analyzed different effects on the V(D)J cleavage reaction. As ob-
by 2-D gel electrophoresis is shown. Reactions contained 0.2 mg served previously, RAG1 and RAG2 carried out both
of coexpressed RAG1 and RAG2 and were carried out at 258C for
steps of the cleavage reaction efficiently in Mn21, pro-0, 5, 15, and 30 min in the presence of Mg21 prior to fixation by
ducing nicked DNA and hairpin products, but onlyglutaraldehyde. Substrate DNA was 32P-labeled. Markers (not
nicked DNA was produced in Mg21 (Figure 5B, lanes 3shown) for intact and nicked DNA were run simultaneously.
and 4). In Ca21, neither step of the reaction was per-
formed efficiently (Figure 5B, lane 2). Furthermore, whenBinding reactions were carried out for 10 min at 378C
the first step of the cleavage reaction was bypassed bywith Mg21, and the resulting complexes were analyzed
providing a prenicked DNA substrate, RAG1 and RAG2by 2-D gel electrophoresis (as described in Figure 4A).
were still unable to process the nicked intermediates toIn the first dimension (native), bound complexes were
hairpin DNA products in Ca21 (data not shown).separated from unbound DNA, and in the seconddimen-
sion, nicked DNA was separated from full-length DNA by
denaturing gel electrophoresis. Under these conditions, The Stable Binding Complex Is a Precursor
for Cleavagethe complexes contained only nicked DNA molecules
(data not shown).However, because the nicking reaction Because Ca21 supports binding but not nicking or hair-
pin formation, it was possible to examine whether theis rapid at 378C, it was still possible that theRAG proteins
had initially bound to intact DNA, followed swiftly by stable, competitor-resistant complex was able to per-
form either or both chemical steps of the cleavage reac-nicking adjacent to the recombination signal. To exam-
ine this possibility, we slowed the nicking reaction by tion. RAG1 and RAG2 werepreincubated in thepresence
of Ca21 for 10 min. Next, excess unlabeled 12-RSS com-lowering the binding temperature to 258C and examined
the state of the DNA within the bound complex. Binding petitor DNA was added to soak up unbound RAG1 and
RAG2 proteins. The ability of the preformed complexreactions were carried out in 10 mM Mg21 for 0, 5, 15,
or 30 min prior to fixation with glutaraldehyde and analy- to perform cleavage was assayed by the subsequent
addition of Mg21 or Mn21. The complex, preformed insis by 2-D gel electrophoresis. After 5 min, we observed
binding complexes containing predominantly uncleaved Ca21 and chased with Mg21 or Mn21 in the presence
of competitor, efficiently performed nicking or hairpinDNA, implying that a nick was not a prerequisite for
assembly of the stable binding complex (Figure 4B). formation respectively (Figure 6, lanes 4 and 8). As ex-
pected, when formation of binding complexes wasAfter longer incubation times, we observed an increase
in the proportion of complexes containing nicked DNA blocked by the addition of competitor DNA in the pre-
incubation step, no nicking or hairpin formation wasand a concomitant decrease in complexes with un-
cleaved DNA. Hence, RAG1 and RAG2 bind stably to detected after the chase with Mg21 or Mn21 (Figure 6,
lanes 3 and 7). Likewise, when cleavage was carried outthe intact RSS and subsequently introduce a specific
nick at the border between the signal and coding DNA. without the preincubation step but in the presence of
A Functional RAG Protein–DNA Complex
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Figure 6. Binding Complexes Are Able to Perform Sequential Steps
of the Cleavage Reaction
Cleavage assays werecarried out in two stages (described in Experi-
mental Procedures). In the first incubation, RAG proteins were pre-
bound to 12-RSS DNA (59-32P-labeled in the top strand) in Ca21
conditions and in the presence or absence of unlabeled 12-RSS
competitor DNA. Cleavage was subsequently assayed by the addi-
tion of Mg21 (lanes 1–5) or Mn21 (lanes 6–9) after the further addition
of competitor (as indicated). (n/a) refers to control reactions in which
the preincubation in Ca21 was omitted. The presence or absence
of divalent cations and competitor DNA at each stage of the reaction
is indicated. The nicked DNA and hairpin products are also marked.
Complexes were not fixed with glutaraldehyde after either incu-
bation.
sequence-specific; RAG1 and RAG2 bind to oligonucle-
otide substrates that contain a functional RSS much
more strongly than to substrates without this sequence
Figure 5. Effects of Divalent Cations on Binding and Cleavage motif, and competition experiments demonstrate that
(A) Binding in the presence of different divalent cations is analyzed. RAG1 and RAG2 exhibit a 50-fold preference for the
Binding reactions contained 0.1 mg of RAG proteins (total) and were
RSS over an unrelated DNA sequence. This representscarried out at 378C for 10 min in the presence of Mg21 (lanes 2 and
the first demonstration of a specific complex containing3), Mn21 (lanes 4 and 5), Ca21 (lanes 6 and 7), or EDTA ([E], lane 8)
RAG1, RAG2, and an RSS.at concentrationsof 1 mM or10 mM,as indicated. In this experiment,
12-RSS substrate was 39-32P-labeled on the codingend. The cleaved The RAG protein–DNA complex is stable against a
coding-end product produced in Mn21 (lane 4) is indicated by an competitor DNA added later. Even a large excess of
arrow. RSS-containing DNA (added several hours prior to fixa-
(B) The effect of different divalent cations on oligonucleotide cleav-
tion with glutaraldehyde) fails to disrupt the preformedage. Cleavage reactions carried out in Ca21 (lane 2), Mg21 (lane 3),
complex (data not shown). Furthermore, this competi-and Mn21 (lane 4) were analyzed by 12% denaturing gel electropho-
tor-resistant complex is capable of carrying out bothresis. 12-RSS substrate DNA was 59-32P-labeled in the upper strand
(DAR39). Reactions were carried out as in Experimental Procedures the nicking and hairpin formation steps of the cleavage
and contained 0.1 mg of RAG proteins, 1 mM specified divalent reaction. The complex can be formed in either Ca21,
cation, and 60 mM K1. Incubation was at 378C for 15 min. Nicked Mg21, or Mn21, but its ability to carry out the sequential
DNA and hairpin products are indicated.
steps of the cleavage reaction is determined by the
specific divalent cation. In the presence of Ca21, RAG1
and RAG2 cannot perform either step of cleavage. In
competitor, we observed no cleavage products (Figure Mg21, nicking can take place, and in Mn21, both nicking
6, lanes 2 and 6). and hairpin formation are observed. Because the stable
preformed complex supports the later chemical steps
of cleavage, we refer to it as a “stable cleavage com-Discussion
plex” (SCC).
As previously described, cleavage by the RAG pro-We examined the specific interaction of the RAG1 and
RAG2 proteins with the V(D)J recombination signal se- teins occurs by a mechanism similar to those used by
the Mu transposase and HIV integrase (Engelman etquence in a band shift assay. The requirements for bind-
ing are similar to those of the cleavage reaction. Effec- al., 1991; Mizuuchi and Adzuma, 1991; van Gent et al.,
1996a). It is therefore intriguing that a related cationtive complex formation is only observed when both the
RAG1 and RAG2 proteins and a divalent metal ion are dependence has also been observed for these two sys-
tems (Mizuuchi et al., 1992; Ellison and Brown, 1994).present. Furthermore, binding by RAG1 and RAG2 is
Cell
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Both HIV integrase and MuA are able to bind DNA to and therefore akin to cleaved signal ends, are not bound
by RAG1 and RAG2. Similarly, signal ends generated byform complexes that are trapped in the presence of
Ca21. It has been proposed for MuA that cation selectiv- RAG-mediated cleavage are not bound by RAG1 and
RAG2. Since these substrates lack a contiguous codingity may reflect conformational differences in the active
site at each step of the reaction, or that there may be flank, we conclude that the coding DNA must play a role
instabilizing the association of the RAG proteinswith thedifferences in the way the specific nucleophiles for each
step of the reaction are activated within the active site recombination signal in the SCC. Hence, in our system,
cleavage at a single recombination signal destabilizes(Savilahti et al., 1995). Either option may apply to the
RAG system. A less likely possibility is that separate the SCC, resulting in dissociation of the RAG proteins
from the cleaved signal-end product. However, it mustactive sites are utilized for nicking and hairpin formation.
Assembly of the SCC depends on a number of impor- be stressed that coupled cleavage at a pair of RSSs in
a synaptic complex may impose additional interactionstant interactions. First, stable binding to the RSS re-
quires both RAG1 and RAG2. Since neither RAG protein that enable RAG1 and RAG2 to remain bound to the
RSSs after cleavage has occurred. The persistence ofby itself stably binds DNA under our conditions, it is
likely that protein–protein interactions between RAG1 a synaptic complex would be helpful in assuring the
subsequent joining of correct pairs of ends.and RAG2 are necessary to stabilize binding at the RSS.
However, these interactions may only become signifi- In vivo, cleavage at a recombination signal is highly
coupled between pairs of signals and probably involvescant in the context of RAG proteins bound to DNA.
Examination of the DNA-sequence requirements the formation of a synaptic complex containing both
RSSs as well as the RAG proteins. The SCC describedshows that both the conserved heptamer and nonamer
sequences are essential for assembly of the stable here at a single recombination site can be envisaged as
a precursor to formation of the synaptic complex. Thecleavage complex. Substitution of the entire nonamer
or heptamer with unrelated DNA reduced binding by 10- SCC may thus represent a long-lived intermediate in the
recombination reaction that could facilitate formation offold or 25-fold, respectively (Figure 3B), suggesting that
the RAG proteins interact directly with both sequence a synaptic complex when a 12-spacer SCC encounters
a 23-spacer SCC.motifs. This result is in contrast to recent reports that
RAG1 alone isable tobind the nonamer motif (Difilippan- Figure 7 presents a schematic model of V(D)J cleav-
age based on the experiments presented here. Initially,tonio et al., 1996; Spanopoulou et al., 1996). However,
the assays used to examine RAG1 binding did not differ- in the presence of a divalent cation (Mg21, Mn21, or
Ca21), RAG1 and RAG2 bind specifically to the RSS,entiate between stable binding and transient interaction.
While it is possible that RAG1 first interacts primarily making sequence-specific contacts with the heptamer
and nonamer sequences. Additional nonspecific inter-with the nonamer, it is clear from the experiments pre-
sented here that stable binding to produce a functional actions between the RAG proteins and the coding-flank
DNA stabilize the complex, as do protein–protein inter-complex requires both the heptamer and nonamer se-
quences. actions between RAG1 and RAG2. Binding by the RAG
proteins most likely involves local distortion or bendingIt has been shown previously that the first three bases
of the heptamer are critically important for RAG-medi- of the DNA helix in the vicinity of the RSS (Cuomo et
al., 1996; Ramsden et al., 1996) In Ca21, this SCC isated cleavage (Ramsden et al., 1996). However, muta-
tion at these three positions produced only a moderate trapped. Addition of Mg21 or Mn21 activates the SCC to
perform nicking or hairpin formation, respectively. Uponreduction in RSS binding by RAG1 and RAG2, sug-
gesting that protein–DNA interactions at the first three cleavage in Mn21, binding to the single RSS is destabi-
lized, resulting in dissociation of RAG1 and RAG2 frompositions of the heptamer are involved in the chemical
steps of cleavage rather than assembly of a binding the cleaved signal-end product.
complex. A further difference between cleavage and
binding concerns the role of the heptamer. Previously, Experimental Procedures
it was inferred from cleavage competition experiments
that the nonamer was most significant for initial binding Proteins
RAG1 and RAG2 fusion proteins (R2, MR1, and MR2) were prepared(Ramsden et al., 1996). Since a competition assay de-
as described previously (McBlane et al., 1995; van Gent et al., 1995)tects binding indirectly, it is likely that the observed
and stored in buffer containing 25 mM Tris–HCl (pH 8.0), 150 mMcompetition resulted from transient, unstable interac-
KCl, 2mM dithiothreitol, and 10% glycerol. All of these RAG proteins
tions with the RAG proteins rather than from the stable are truncated derivatives that have been shown to mediate recombi-
binding, requiring both the heptamer and the nonamer, nation in tissue-culture cells.
that we show here.
We have also identified an important role for coding- DNA Substrates
flank DNA in the assembly of the SCC. Previously, in Oligonucleotides were synthesized using a Millipore 8909 synthe-
vivo studies with mutant RAG1 protein provided indirect sizerand purified by polyacrylamide gelelectrophoresis underdena-
turing conditions. Unless otherwise stated, all substrates wereevidence for the interaction of RAG1 with the coding-
39-end-labeled on the top strand with 32P-cordycepin (NEN) usingflank DNA (Sadofsky et al., 1995; Roman and Baltimore,
recombinant terminal deoxynucleotide transferase (Gibco Life Tech-1996). In addition, it has been shown that hairpin forma-
nologies), as described in Figure 1A and in McBlane et al. (1995).
tion in vitro is strongly influenced by sequence changes DNA substrates were constructed by annealing the following oli-
in the coding-flank DNA (Cuomo et al., 1996; Ramsden gonucleotides: 12-RSS, DAR39 with DAR40 (McBlane et al., 1995);
et al., 1996). In the present work, we demonstrate that 23-RSS, DG61 with DG62 (McBlane et al., 1995); and nonspecific
DNA, DAR81 with DAR82. Substrates with mutated heptamer oroligonucleotide substrates deleted for the coding DNA,
A Functional RAG Protein–DNA Complex
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to a final concentration of 0.1% (v/v) followed by 10 min. of incuba-
tion at 378C. To each reaction, 4 ml of gel loading dye (25% glycerol,
1mM EDTA, 0.01% bromphenol blue, and 0.01% xylene cyanol) was
added, and samples were analyzed by electrophoresis through a
4–20% polyacrylamide gel (Novex) using a Tris–borate buffer sys-
tem. 32P-labeled DNA was detected by autoradiography and quanti-
fied using a Molecular Dynamics Phosphorimager and ImageQuaNT
software (v4.1).
Cleavage was assayed under binding conditions with minor modi-
fications. Potassium acetate was added to a final concentration of
60 mM K1, and reactions were incubated for 15 min at 378C and
were not fixed with glutaraldehyde. Products were analyzed by elec-
trophoresis through a 12% polyacrylamide denaturing gel.
2-D Gel Electrophoresis
Binding reactions were run in the first direction (native) through an
0.8 mm thick, 6% polyacrylamide gel using a Tris–borate–EDTA
buffer system. Lanes were excised from the gel and equilibrated in
denaturing gel buffer (7 M urea, 1 3 TBE gel buffer) for 5 min. Gel
slices were laid at right angle to the direction of electrophoresis on
a 1.5 mm thick, 12% polyacrylamide denaturing gel. In addition, 34
nt (DG10) and 50 nt (DAR39) DNA markers were loaded in parallel
lanes during electrophoresis in the denaturing dimension. DNA
products were visualized by autoradiography.
Assay for Activity of Preformed SCC
The ability of the SCC to carry out nicking and hairpin formation
was assayed in a two-stage experiment. In the first incubation,
reactions contained 0.02 pmol 32P-labeled 12-RSS DNA and 100 ng
(total) of RAG1 and RAG2 proteins in reaction buffer containing 60
mM K1 and 1 mM Ca21. A 500-fold excess of unlabeled 12-RSS
competitor was included as indicated. Incubation was at 378C for
10 min. Following the first incubation, a 500-fold excess of competi-
tor and then a second cation were added as indicated, and reactions
were incubated at 378C for another 10 min. Since binding complexes
Figure 7. Bindingand Cleavage by a Functional RAG1–RAG2 Cleav-
were not being assayed directly in this experiment, reactions were
age Complex
not fixed with glutaraldehyde. Reactions were stopped with loading
The figure presents a schematic model for assembly and activity of buffer and products separated by denaturing gel electrophoresis
a RAG1–RAG2–DNA complex that is able to perform the sequential as described above.
steps of the cleavage reaction. In this model, RAG1 and RAG2 bind
the recombination signal, recognizing the conserved heptamer
Acknowledgments(hatched box) and nonamer (closed box). Binding by the RAG pro-
teins probably distorts or bends the DNA helix in the vicinity of
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able discussions. K. H. is supported by the European Moleculardivalent cation. In the presence of Mg21 or Mn21, the SCC nicks the
Biology Organization.DNA in one strand, at the 59 border of the signal heptamer. In Mn21
only, the complex can process the nicked intermediates to double-
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